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Abstract : Optical emission spectroscopy (OES) was used to characterize the radio frequency (rf) glow discharge plasma of flowing mixtures 
of silane and argon. The intensity variation of the peak at 414 2 nm arising due to Sill -  X^IT) transition has been studied with respect to 
power density in the range 20.4 mW/cm  ^to 787 mW/cm‘ for wide variation of silane to argon flow ratio from 5 . 9 5  to 4 0 . 60  I he concentration 
of Sill* species was calculated by the proposed model based on the kinetics of the dominant reactions in the plasma^Wc see that the theoretically 
calculated curves can explain the general trend of variation of the experimental curves with increase of power density
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1. In tro d u c tio n
P la sm a  en h an ced  ch em ica l v a p o u r d ep o sitio n  (P E C V D ) o f  
hydrogenated am o rp h o u s  s ilico n  ( a - S i:H )  th in  film  from  th e  
so u rc e  gas s ilan e  is w id e ly  u sed  in th e  in d u s tria l p ro d u c tio n  
o f  am orphous s ilico n  b ased  so la r ce lls , th in -film -tran s is to r 
(TIT) a rrays in a c tiv e  m a trix  liqu id  c ry s ta l d isp lay s and  
o th e r  o p to -e le c tro n ic  d e v ic e s  [1 ]. T h e  p la sm a  u su a lly  
g e n e r a te d  by  13,56 M H z rad io  freq u en cy  is o f  g low  d ischarge  
type . The p ro p e r tie s  o f  a -S i d e p o sited  by  th is  m e th o d  have 
b een  found  to  b e  s tro n g ly  d ep e n d e n t on  the  p rep a ra tio n  
i:ondilions an d  a lso  on th e  ch a m b e r d es ig n  [2], T he in fluence  
of the com plex  re a c tio n s  o c c u rr in g  w ith in  th e  p la sm a  on the  
p ropertie s is a  su b je c t o f  co n tin u o u s  s tu d ies  a im in g  a t 
b e tte r  c o n tro llab ility  o f  film  p ro p ertie s . A m o rp h o u s  silicon  
th in  film s d e p o s ite d  fro m  s ilan e  d ilu ted  w ith  n o b le  gases  
under c e r ta in  d e p o s i t io n  c o n d i t io n  h a v e  a ls o  g iv e n  
encouraging re su lts  [3 ,4 ]. D ilu tio n  o f  s ilan e  w ith  a rg o n  has 
significant e ffe c t o n  th e  p ro p e r tie s  o f  th e  a -S \  film s and  
t le v ic e s  [5 ,6 ]. B o m b a rd m e n t o f  th e  g ro w in g  film  b y  the  
t^^gon ions an d  th e  ex c ite d  a rg o n  m o lecu le s  an d /o r  reac tio n  
of silane w ith  io n s  a n d  e x c ited  m o le c u le s  o f  a rg o n  w ith in  
^be p lasm a a re  re sp o n s ib le  fo r  th e  s tru c tu ra l ch an g es  in the  
^Corresponding Author
film  [7], A m o n g  the  p rim ary  d issoc ia tion  p ro d u c ts  o f  S i l l4 
in th e  d ischarge , th e  long -lived  S iH 3 rad ica l is w ide ly  
accep ted  to be the  m ain  p recu rso r fo r the  fo rm atio n  o f  the 
film  and  the  sh o rt-liv ed  rad ica ls like S iH 2 a re  be liev ed  to  be 
im portan t in te rm ed ia te  spec ies  w h ich  in flu en ce  the film ’s 
q^uality. E x p erim en ta l s tud ies o f  d iffe ren t ty p es  o f  S iH 4 
p lasm as have  been  m ad e  by severa l p la sm a  d iag n o stic  
te ch n iq u es  [8 -1  Oj. A m ong  those  te ch n iq u es  op tica l em ission  
sp ec tro sco p y  (O E S ) has rece iv ed  g rea t a tten tio n  fo r its non- 
invasive  n a tu re  in adverse  p la sm a  c o n d itio n s  [11 ,12 ]. O E S  
can  m easu re  the  in tensity  o f  the  em ission  lines from  th e  
exc ited  a to m s and  m o lecu les  w ith in  the  p lasm a. M etastab le  
sta tes o f  nob le  gases are  su p p o sed  to  p lay  an  im portan t 
ro le  in n eu tra l-n eu tra l reac tio n s  w ith  ch em ica lly  reac tiv e  
m o lecu les . In th e  a rgon  (A r) -  s ilane  (S iH 4) p la sm a , reac tio n s 
betw een  th e  m etastab le  arg o n  m o lecu les  an d  silan e  m o lecu les  
sig n ifican tly  en h an ce  th e  em issio n  due  to  S iH ’ [13]. W e h av e  
show n ea rlie r th a t th e  in ten sity  o f  th e  op tica l em issio n  
sp ec tra  d u e  to  S iH  (A ^A  -  X ^ fT )  tran s itio n  o b se rv ed  by 
op tica l em issio n  sp ec tro sco p y  (O E S ) m ay  be  co rre la ted  w ith  
varia tio n s in the  p rocess  p a ra m e te rs  [14 ,15 ]. In th is  w ork  w e 
b ro ad en ed  th e  ran g e  o f  r f  p o w er d en sity  an d  th e  d ilu tion
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level to  fu r th e r ch eck  th e  e ffic ien cy  o f  th is techn ique . W e 
h av e  sy s tem a tica lly  stu d ied  the  e ffec t o f  th e  v aria tions in r f  
p o w er d en sity  from  20 .4  m W /cm ^ to  787 m W /cm ^ and  the 
s ilan e  to  arg o n  flo w  ra tio  from  5 : 95 to  4 0  : 60  on the 
em iss io n  in ten s ity  o f  th e  ex c ited  SiH  (SiH*). W e have  chosen  
th e  p eak  in ten s ity  o f  the  line at 4 14 .2  nm  (U i^) due  to  SiH* 
to  m o n ito r th e  p lasm a.
2. T h e o ry
In P E C V D  p ro cess  th e  d ep o sited  ^i-Si film s arc  the p roduc ts  
o f  n u m ero u s  p la sm a  chem ica l reac tions. D issocia tion  o f  the 
so u rce  gas S iH 4 in to  the  film  fo rm ing  rad ica ls tak es p lace  
by  c o llis io n s  w ith  e lec tro n s , ions and  exc ited  species. 
S evera l m o d e ls  h av e  been  p ro p o sed  to  ana lyze  the  S iH 4 
g low  d isch a rg e  p la sm a  [1 6 -1 8 ]. In S iH 4-A r p lasm a the  
S iH 4 m o lecu le s  d isso c ia te  in to  severa l neu tra l and  ch arg ed  
rad ic a ls  like SiH^, S iH 2, S iH /  etc. and  a frac tion  o f  S iH 4 
m o lecu le s  ex c ited  to  h ig h e r en e rg y  levels (th resh o ld  energy
8.4  eV ) [19]. A  frac tion  o f  A r a to m s is exc ited  to  m etastab le  
s ta te s  ( th re sh o ld  en e rg y  11.55 eV ). T he  ex c ited  S iH 4 
m o lecu les  d isso c ia te  in to  SiH* w h ich  g iv es a charac te ris tic  
em issio n  b an d  be tw een  4 0 9  to  423 nm  due to  the  rad ia tive  
tran sitio n  (A ^A  - X^FT). In silane  p lasm a the  e lec tron  
tem p e ra tu re  is a ro u n d  1 -2  eV . So the  ex c ita tio n s  o f  S iH 4 
and  A r by  e lec tro n ic  c o llis io n s  req u ire  e lec tro n s  in th e  
h ig h -en e rg y  ta il o f  th e  e lec tro n  en e rg y  d is trib u tio n  function  
(E E D F ). A lth o u g h , in p rin c ip le , it is p o ss ib le  to  ca lcu la te  the 
e v o lu tio n s  o f  the  d if fe ren t sp ec ies  w ith in  the  p lasm a from  
the co n s id e ra tio n s  o f  all th e  reac tio n s  g o in g  on there  and  
th e ir  d e p e n d e n c e  on  the  m u ltitu d e  o f  ex te rn a l depo sitio n  
p a ram ete rs  b u t th e  im m en s ity  in th e  n u m b er o f  those  
reac tio n s m ak es  th is  ex e rc ise  im prac ticab le . H o w ev er, w e 
m ay  iden tify  th o se  reac tio n s  w h ich  d irec tly  lead  to  the 
fo rm atio n  o f  th e  film  fo rm in g  rad ica ls  like S ills , S iH 2 etc. 
and  call them  th e  d o m in an t reac tio n s . In A r-S iH 4 p lasm a 
w e c o n s id e r  th e . fo llo w in g  re a c tio n s  as th e  d o m in a n t 
reac tio n  [16],
+ A r Ar* e~
[£,h =  11.55 eV ; k  -  1.21 x 10**2 cm*^s~i], ( i )
A r^ 2e~
[£,h =  15.76 eV ; k  =  1.05 x 10 »‘ c m ^ s  *], (2 ) 
e  S iH 4 ->  S iH s H •+■ e
[£th -  4 .0  eV ; it -  1 .5 9  x lO -'^  cm^ s**], (3 ) 
S iH 2 +  2H  •+■ e -
[£th =  2 .2  eV ; it =  1.87 x 10*** ern^s"*], (4 ) 
—> S iH 4* +  e~'
[£th =  8 .4  eV ; k  -  8 .34  x 10*’  cm ^s**], (5 ) 
S iH 4* SiH* K  (6 )
Ar* + S iH 4 —> SiH^ + H + A r
[k = 1.40 X 10 erne's ‘j, (7 ) 
S iH 2 + 2H  + A r
[k = 2 .6 0  X 1 0"*® cm ^ s *].
rh e  ab o v e  reac tio n s m ay  be an a ly zed  in a self-consistent 
m an n er trea tin g  each  one o f  them  as a b im o lecu la r reaction 
o ccu rrin g  in a s tream lin e  flow  th ro u g h  th e  reac tio n  zone. The 
reaction  ra te  is ex p ressed  by,
j, ^  (f^ OA { N k j j T f
w h ere  hqa an d  «o/i are th e  m o les o f  reac tan ts  A  and  B  entering 
the  reaction  zone, k/i is the  B o ltzm an n  co n stan t, N is the 
A vogad ro 's  num ber, P  and  T are  th e  p ressu re  an d  tem perature 
in the  reaction  zone  o f  vo lum e V  an d  x  is the  fraction of 
reac tan t A  p a rtic ip a ted  in th e  reac tion .
T he m etastab le  a rgon  (A r*) is fo rm ed  by  the  e le c t r o n  
im pac t ex c ita tio n  o f  th e  g ro u n d  sla te  a rgon  a to m s w h ic h  is 
go v ern ed  by the eq. (1). T he fo rm atio n  o f  Ar* d epends u p o n  
th e  r f  p o w er density . T he en erg y  loss p ro ce ss  o f  Ar* is g iv e n  
by the eqs. (7 ) and ( 8 ). W e  assu m e  tha t a  frac tion  Ar* is u se d  
in en e rg is in g  the slow  e lec tro n s  and  the  rest in dissociating 
the  silane  m o lecu les . In the  h igh  argon  d ilu tio n  reg ion , s ila n e  
is m ostly  d issoc ia ted  by the co llis ion  w ith  Ar*. H ence the 
co n cen tra tio n  varia tion  o f  S ilf i  m ay  be o b ta in ed  from the 
reac tio n s (7 ) and ( 8 ), F u rther in ab sen ce  o f  a rgon  the h ig h -  
en erg y  tail o f  th e  e lec tro n  en e rg y  d is trib u tio n  f u n c t io n  
(E E D F ) co n trib u tes  a sm all no . o f  h ig h -en e rg y  (^ 8 .4  eV ) 
e lec tro n s in the  p lasm a. T hen  th e  S ill*  is m a in ly  o b ta in e d  
from  de -ex c ita tio n  o f  S iH 4* acco rd in g  to  th e  eqs. (5 ) and (6 ) 
T he net co n cen tra tio n  o f  SiH* m ay  be ca lcu la ted  by  a p p ly in g  
the  eq. (9 ) w ith  the  he lp  o f  the reac tio n s  w ith  w h ich  the Sil 1* 
species is invo lved .
3. E x p e r im e n ta l
A sch em atic  d iag ram  o f  c ap ac itiv e ly  co u p led  r / (  13.56 MHz) 
P E C V D  ch am b e r a lo n g  w ith  th e  o p tica l spec trog raph  is 
show n  in F igu re  1. T he  p lasm a  w as g en e ra ted  in the space 
betw een  tw o  cap ac ito r p la tes (d ia m e te r 12.7 cm , spacing  4.2 
cm ) in a cy lin d rica l sta in less  steel reac tio n  ch am b e r. The rf 
p o w er w as ap p lied  v ia  a m a tch in g  n e tw o rk  to  the top 
e lec tro d e . T he  low er e lec tro d e  w as g ro u n d ed . B efo re  each 
run , the ch am b e r w as in itia lly  ev acu a ted  to  a  b ase  pressure 
o f  1 0 ^  T o rr. T he s ilan e  and  arg o n  g as m ix tu re  w as then 
flow n  acro ss  th e  p la sm a  reac tio n  zo n e  by  u s in g  m ass flow 
co n tro lle rs .
T he  p la sm a  w as s tu d ied  by  o p tica l em iss io n  spectroscopy 
(OES). T he op tica l a rran g em en t co n sis ted  o f  a  lens system 
th a t fo cu ssed  th e  ligh t em itted  from  th e  en tire  reg io n  o f the 
p la sm a  in to  th e  slit o f  a Va m  sp ec tro g rap h . T h e  de tec to r was
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a 1024 e lem en t c a lib ra te d  p h o to  d io d e  a rray  w ith  the 
maximum re so lu tio n  o f  0.1 nm . A co m p u te r w as used  to  scan
Figure I. Schematic diagram of the PECVD chamber with optical 
emission spectroscopy set up.
the spectra  and  acq u ire  da ta . E ach  sp ec tru m  w as o b ta ined  by 
averaging 10 ex p o su res  o f  10 s each . T he in tensity  o f  the 
peak at 4 1 4 .2  nm  w as m o n ito red  to  study  th e  rad ia tive  
transitions d ue  to  S iH  {A -A  ~  X ^ I J ) ,  For pow er density  
variation th e  ch am b e r p ressu re  and  tem p era tu re  w ere kep t 
constant and  p o w er den sity  w as varied  from  20 m W /cm ^ to  
787 m W /cm ^ a t d iffe ren t flow  ra tio  o f  silane  and  argon . For 
flow varia tion  a se t o f  sp ec tra  at a  fixed r f  p o w er density , 
pressure and  tem p e ra tu re  w as tak en  on the  sam e run by 
vary'ing the  silan e  to  a rgon  flow  ra tio  w ith  th e  to ta l flow  ra te  
held co n stan t a t 1 0 0  seem .
4. R e su lts  a n d  d is c u ss io n
Variation o f  r f  p o w e r  :
We have o b se rv ed  the  changes in op tica l em ission  spectra  
with the v a ria tio n  o f  r f  p o w er den sity  from  20  m W /cm ^ to  
787 m W /cm ^ a t various p e rcen tag es  o f  silane  in silane-a rgon  
m ixture. T he  to ta l flow  w as m ain ta in ed  co n stan t at 100 seem . 
The o th er co n stan t p ro cess  param ete rs  w ere  cham ber p ressu re  
0.2 Ton* and  su b s tra te  tem p era tu re  2 0 0°C . In F igure  2 w e
409 410 411 412 413 414 415 416 417 416
Wavelength (nm)
have show n the evo lu tion  o f  op tical em ission  spectra  due  to  
S iH  IT )  transition  w ith the changes in r f  pow er
density  a t 20%  o f  silane in silane-argon  m ixture. T he peak  
at 414 .2  nm  due to  .SiH’ (A ^A  -  A'~IT) and  ano ther peak at 
4 1 5 .8  nm  due to  a  tran sition  betw een  the A r m o lecu lar levels 
(3/ls -»■ I.V5) have been m arked  on the spec.tra. T hese peaks 
indfcate how  the  densities o f  the S iH ’ and A r’ change w ith 
the  / / p o w er density . The A r’ em ission  line how ever, does 
n o i  exactly  co rrespond  to  the  density  o f  A r’ due to the
casjpade con tribu tion  from  the  h igher energy levels [2 0 ].
i
^In Figure 3, w e have p lo tted  the variation  o f  the norm alized 
/41I  w ith  the change in /y pow er density  fo r silane to  argon
Figure 3. Variation of the normalized peak intensity at 414 2 nm (/^u) 
with power density at dilTerent flow ratio
flow  ra tios o f  5 : 95, 10 : 90, 20 : 80 and 40  : 60. In itially  
there  is a sharp  increase in /414 w ith the increase o f p o w e r  
density  fo r every  flow  ratio . H ow ever, at a h ig h er pow er 
density  there  is a tendency  o f  decrease  o f  the /414. T he 
in tensity  becom e^ m axim um  at som e in term ed ia te  pow er 
density . W e a lso  observe  a sh ift in the position  o f  the 
m axim um  tow ards h igher pow er density  w ith  increase in 
silane  to  argon  flow  ratio.
T h e o re tic a lly  c a lc u la te d  Si l l* d en s ity  (n o rm a liz e d )  
ob ta ined  w ith  the help  o f  eq. (9 ) have  been  p lo tted  as a 
function  o f  r f  pow er density  in F igure 4. W e observe  a
S
c
•8
#
X
9
u
I  E 89
Situ Ar F max
(mW/cm^)
---- 5 - 9 5 360
......... 10-90 395
------- 20 80 420
..........4 0 -6 0 435
Figure 2. Evolution of the emission spectra due to SiH {A^A -  X^fJ) 
transition with rf  power density at a definite pressure and flow ratio
Power density (mW/cm^)
Figure 4, Variation of the calculated SiH’ density (normalized) with 
respect to rf power density at different flow ratio.
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sim ilarity  in the general trend  o f  theoretically  calcu lated  
cu rves w ith  the  experim en ta l ones dep icted  in F igure 3, The 
initial sharp  rise in /414 m ay  be explained  by  the increase in 
e lec tron  density  in the p lasm a w ith  the increase o f  r f  pow er 
density . T he SiH* m ay be fo rm ed in the p lasm a e ither by 
d irec t e lec tron ic  co llis ion  w ith the S iH 4 m o lecu le  w ith the 
fo rm ation  o f  an in term ed ia te  S iH 4* state [21  ] o r by  elec tron ic  
excita tion  o f  SiH  from  the  g round  state f 13]. A t h igher pow er 
the  sligh t fall in the  em ission  in tensity  m ay  be due to the 
em ission  o f  secondary  e lec trons from  the e lec trodes by 
b o m b ard m en t o f  ions. A s the energy  o f  the secondary  
elec trons is low  the average electron tem perature w ill decrease 
[22]. T his w ill decrease the SiH* form ation and corresponding 
low ering  o f  /414 m ay  thus be exp lained . T he m axim um  
in tensity  o f  SiH* is reached  at a pow er density  w hen nearly  
all the  silane m o lecu les are d issociated . For h igher silane 
concen tra tions m ore elec trons are necessary  for dissociation  
o f  all the  silane  m olecu les , w hich requ ires h igher p ow er T he 
sh ift o f  the m ax im um  in /414 tow ards h igher pow er density  
can thus be exp la ined .
V ariation  o f  f lo w  ra tio  :
In the F igure 5 w e have show n variation  in /414 w ith the 
percen tage  o f  silane in the silane-argon  m ixture. T he constan t
(>  11.55 eV ) they w ill supp ly  a large am oun t o f  energy to 
th e  slow er e lec trons on collision . T he m ean  energy  o f  the
Figure 5. Variation of the normali7.cd peak intensity at 414 2 nm (/414) 
with SiH4 concentration,
p ro cess p aram eters  w ere to ta l flow  1 0 0  seem , pressure 0 .2  
T orr, r /p o w e r  density  30 m W /cm ^ and  substrate  tem pera tu re  
2 0 0 ° C . T h e o r e t i c a l l y  c a lc u la te d  n o r m a l iz e d  Si H* 
co n cen tra tio n  has been  p lo tted  in F igure 6 . H ere also  w e see 
th a t the  genera l tren d  o f  experim en ta l and theore tica lly  
ca lcu la ted  cu rv es  are  s im ila r in nature . F irst, there is a  sharp 
increase  in /414 w ith  th e  increase  o f  silane percen tage  and at 
h ig h e r p e rcen tag e  o f  silane , in tensity  sharp ly  falls. T h is m ay 
be exp la in ed  in th e  fo llo w in g  m anner. W ith increase o f  argon 
d ilu tion  th e  den sity  o f  th e  excited  argon  (Ar*) m olecu les 
increases. A s th e  th resh o ld  energy  o f  m etastab le  Ar* is high
Figure 6. Variation of the calculated SiH* density (normalized) with 
respect to S1II4 concentration.
elec trons w ill therefo re  increase. So m ore silane m olecules 
w ill d issociate  o r go  to  h igher v ib ra tional level. Direct 
d issociation  o f  silane by co llis ion  w ith  the  m etastab le  argon 
m olecu les {via  reactions (7) and ( 8 )) also  takes p lace with 
the increase o f  argon concen tra tion . T he in tensity  o f  the
414.2  nm  peak ( /414) w ill th ere fo re  increase w ith  increase of 
argon dilu tions. H ow ever, w ith fu rther increase in argon 
d ilu tion  there  w ill be dep le tion  o f  silane m o lecu les w ith a 
consequen t sharp  fall in the in tensity  o f  /414 T here is, 
therefore , a m axim um  ob tained  in the varia tion  o f  the 
W ith increase in silane percen t Ar* density  decreases and so 
also the SiH* in tensity .
5. C o n c lu s io n
In th is paper w e have stud ied  the varia tion  o f  the peak 
intensity  ( /414) at 414 .2  nm  (due to Sil 1*) w ith  respect to  w ide 
range o f  pow er density  and  silane to argon  flow  ratio . The 
concen tration  o f  SiH* has been ca lcu la ted  by considering  
the dom inan t reactions in th e  glow  d ischarge  p lasm a o f 
S iH 4-A r m ix tu re . W e see  th a t th e  b e h a v io rs  o f  the 
experim en ta l and theo re tica lly  ca lcu la ted  cu rv es  are very 
sim ilar. So th is m odel can be app lied  fo r d iffe ren t flow -type 
chem ical reactions by the proper choice o f  dom inan t reactions. 
Physical exp lana tion  o f  the behav io r o f  the  in tensity  variation 
w ith  d iffe ren t p rocess param ete rs  has been  a ttem pted . 
E ffectiveness o f  the above m ethod  o f  ch arac te riz in g  the 
silane-argon  d ischarge  by  O E S  m ethod  has recen tly  been 
d em onstra ted  in p red ic ting  co rrec tly  th e  g row th  rate ot 
<2-S i:H  a llo y  film s w ith  re sp e c t to  d if fe re n t p ro cess  
param eters [23].
A ck n o w le d g m e n t
T he w ork has been carried  ou t u n d er the  p ro jec t no. 
2104-1 o f  th e  Indo-F rench  C en ter fo r th e  P rom otion  o f 
A dvanced  R esearch .
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